We introduce a powerful method for dynamical reconstruction of long-lived tracers such as ozone. It works by correlating the principal components of a matrix representation of the tracer dynamics with a series of sparse measurements. The method is tested on the 500 K isentropic surface using a simulated tracer and with ozone measurements from the Polar Aerosol and Ozone Measurement (POAM) III satellite instrument. The Lyapunov spectrum is measured and used to quantify the lifetime of each principal component. Using a 60 day lead time and five (5) principal components, cross validation of the reconstructed ozone and comparison with ozone sondes return rootmean-square errors of 0.20 ppmv and 0.47 ppmv, respectively.
the measurements.
11

Background
12
Consider a system of ordinary differential equations:
We linearize this about x:
Define H such that:
H(t = 0) = I
where I is the identity matrix. This is what is known as the tangent model 16 which we decompose using principal component analysis (PCA), also called 
where U and V are orthonormal matrices while S is diagonal and contains the 20 singular values (Press et al., 1993 forecasts (Tang et al., 2006 ). An Eulerian tracer simulation is linear, that is 27 the tangent vector is simply the dynamics. Thus:
where x j = x(t j ) is a gridded representation of a passive flow tracer at the 29 jth time step.
and the matrix A j maps x j−1 to x j . We can say that:
The Lyapunov exponents are defined as the logarithms of the time aver-32 ages of the singular values in the limit as time goes to infinity:
where s i is the ith singular value (Ott, 1993) . For most systems:
That is, as H is integrated forward, the largest singular value and the largest 35 singular vector will increasingly begin to dominate (Ott, 1993) .
36
3 Numerics and data
37
To run the tracer advection, the ctraj software package is used (http://ctraj.sf.net).
38
The codes are written in C++ and contain programs for gridded, semi-
39
Lagrangian tracer advection on an azimuthally-equidistant-projected coor- (Golub and Loan, 1996) using the Arnoldi package (ARPACK) (Lehoucq and Scott, 46 1996).
47
The analyzed climate data starting in 1948 (Kalnay et al., 1996) . Wind and tem-60 perature data is used to drive the advection model. and an initialy meridionally-symmetric tracer. Tracers are advected with Na-68 tional Center for Environmental Prediction (NCEP) reanalysis 1 data at the 69 500 K isentrop (Kalnay et al., 1996) .
70
We also plot the correlation of the first tracer with the largest singular 71 vector. We see that, because of Equation (10) rithms. While the resulting fields may develop into complex fractals (Mills, 77 2009) the Lyapunov spectrum shows that the tracer dynamics themselves 
where m is the number of singular vectors used in the analysis, q k is the 93 measurement at time step k (we assume that each measurement has a unique 
97
To perform the analysis, we need to choose a lead time, as well as a hemisphere.
165
The method has the advantage over more tradition proxy tracer anal-166 ysis in that it provides more degrees of freedom from the higher principal 167 components thus can account for more recent changes in the tracer.
168
The ozone reconstruction for the cross-validation exercise was so good, in 169 fact, that the errors were of the same order as the original POAM retrievals,
170
suggesting that these error estimates are too high to begin with.
171
Software for this project can be found at: http://ctraj.sf.net. radiosonde ozone data.
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